Coastal chalk cliff erosion: experimental investigation on the role of marine factors
Jérôme Brossard and Anne Duperret Abstract : In this paper the marine factors of erosion contributing to the chalk cliffs located on either side of the English Channel are examined. From an analysis of the literature, the main physical phenomena determining the marine erosion of the shore platform and the foot of the cliff are drawn.
Field observations of the coastal chalk cliff show that the vertical erosion of the shore platform does not appear to be the main cause of cliff erosion which is mainly governed by cliff collapse processes.
To estimate the impact of waves on the base of the cliff experiments were carried out in a wave flume.
The pressure due to the waves and the dissipation of waves were measured for three simple configurations of the boundary conditions between the cliff and the sea. The pressure never exceeded the compressive strength of chalk rock. Nevertheless, pressure fluctuations due to periodic waves can induce a fatigue process within the fracture structures.
The experimental results showed that the shingle by itself has a low effect on wave energy dissipation.
The main effect of shingle is to reduce the water depth at the toe of the cliff. Furthermore, it is demonstrated that a lower water depth leads to a lower impact of the waves on the cliff.
______________________________________
The French and English chalk cliff coastline located on either side of the English Channel retreats with a mean recession rate varying between 0 and 0.7 m/year (May 1971 ; Costa 2000) .
However the erosion is not uniform with time, but occurs by sudden collapse that may induce a cliff retreat of 10-20 m in one event. A European scientific project named ROCC (Risk Of Cliff Collapse) has therefore been launched involving the coastlines of Upper-Normandy and Picardy in France (120 km long) and East-Sussex in the UK (40 km long), in order to identify the critical parameters leading to coastal cliff collapses in chalk rock ( fig. 1 ).
The stability of coastal chalk cliffs is governed simultaneously by both subaerial and marine processes, as well as the mechanical characteristics of the rock (lithology, fracture pattern). The evolution of the cliff, from stability towards failure, depends on changes occurring within the rock mass, such as the development and opening of fractures (resulting from stress relief, fatigue, wetting and drying, freeze-thaw action) and the deterioration of the rock material as a result of the infiltration of water (resulting in solution, chemical alteration, physical breakdown through freeze-thaw or salt crystallisation). These internal changes in the rock mass are brought about through external agencies of meteorological origin (including rain, wind, frost, drought), removal of stress constraints at the cliff face and of marine origin (including wave action, tidal conditions, the presence or absence of deposits at the cliff toe, vertical erosion of the shore platform) (Duperret et al., 2002) .
Some authors have suggested that rock material strength subjected to subaerial processes is the main mechanism of sea cliff erosion, such as the Californian calcareous coast (Benumof et al. 2000) or along the English Channel chalky coast (Duperret et al. 2002) . The marine parameters, such as wave impact factors appear as a secondary mechanism of sea cliff erosion. Nevertheless Benumof et al. (2000) suggest that wave energy distribution may be important in determining the timing of cliff collapse events. The role of marine parameters needs to be specified more closely in such geological contexts. The aim of this paper is to study the contribution of marine factors on coastal chalk cliffs erosion, using experimental investigations focus on pressure wave measurements on a wall/cliff and wave attenuation through sediments located at the toe of the wall/cliff.
Chalk cliffs geomorphology
Coastal chalk cliff exposures along each part of the English Channel are composed of nearly vertical cliffs ranging from 20 to 200 m high and the foreshore area is often a chalky seaward beach platform with a low slope. The foreshore area exposes a flat beach platform made of eroded chalk or hardground levels with a higher material strength than chalk. In some places, the beach platform is partially covered by a thin veneer of sand and by shingle accumulation composed of smooth flints, whose distribution is somewhat discontinuous along the coastline. The shingle accumulations are always located in the upper part of the foreshore area at the toe of the cliff ( fig. 2 ), whereas sand cover may extends seaward to low tide level. Such sand cover is transitory, readily resuspended and may be absent under storm conditions (D.J. Pope, pers. com.).
Chalk cliffs geomorphology is a type of foreshore often referred as a wave cut platform (e.g. Sunamura 1977 Sunamura , 1992 Robinson 1977) . Marine parameters of chalk cliff erosion may act on the shore platform, by vertical erosion and on the cliff face, by horizontal recession.
Marine parameters on the shore platform
The shore platform erosion results from subaerial weathering and wave action. The two main weathering processes are salt weathering and water layer weathering (Stephenson & Kirk 2000, part II) . The salt effects refer to the expansion in volume due to the growth of salt crystals and their subsequent hydration, which can induce high pressure in the cracks of the platform (Cooke & Smalley 1968) . The water layer weathering is associated with the wetting and drying process during the tidal cycle and can induce a superficial disintegration of the rock (Trenhaile 1987) . Stephenson & Kirk (2000, part II) have evidenced that the highest rate of shore platform erosion occurs between 0.6 and 0.9 m above mean sea level which, they argue, suggests that shore platform erosion results mainly from weathering caused by repeated wetting and drying. Weathering processes may be accentuated by living organisms such as micro-organisms, boring organisms and grazing organisms (Trenhaile 1987 ; Spencer 1988 ; Sunamura 1992) , which can play a double role firstly by building some specific morphologies and secondly by enhance morphological denudation rates due to other geomorphological processes (Fornos et al. 2001 ).
According to Sunamura (1977 Sunamura ( , 1992 and Trenhaile (1987) , the primary agent of shore platform development is deduced from the relative intensity of two forces : the erosive force of waves and the lithology-related resistance. The erosive force of waves is due to the bed shear stress and to the dynamic pressure. Sanders (1968) proposed that breaking wave shock, water hammer and air compression in joints are the main causes of erosion on the shore platform. Stephenson & Kirk (2000, part I) suggested that erosion by waves can only occur when waves break on the shore platform, and the depth of water in front of platforms therefore appears to be an important control on wave energy arriving on platforms. But, generally, the erosion induced by the bed shear stress and the pressure is very much lower than the erosion induced by the abrasion phenomenon. The abrasion is due to the sand, rock fragments or shingle produced by the erosion itself. Sunamura (1977) has developed a model of temporal evolution of erosion taking account of this phenomenon. Nevertheless, vertical erosion is of greatest concern for soft cohesive sediments and soft rocks (Davidson-Arnott & Ollerhead 1995 ; Skafel & Bishop 1994) .
Along the cliffed coastlines, the ratio between the mechanical resistance and the marine stresses for the platform is, everywhere, very large. Along chalk coasts of the Channel, the vertical erosion of the shore platform does not appear to be the main cause of cliff recession, which is mainly governed by cliff collapse processes. After a collapse, a lobate deposit made of large pieces of chalk coming from the cliff expands on the shore platform. In this case, waves have an effect on the alteration of chalk blocks which result from cliff collapses.
Marine parameters at the cliff base
Marine processes acting at the base of the cliff are also closely linked to the water depth and therefore vary significantly in macro-tidal contexts. A large number of authors have argued that wave action is the main parameter of coastal cliff erosion, by wave-attack processes at the toe of the cliff (e.g. Sanders 1968 ; Sunamura 1977 ; Robinson 1977 ; Hoek & Bray 1977 ; Mc Greal 1979 ; Sunamura 1982) . Wave action consists of (1) hydraulic action such as compression, tension, cavitation and wear, (2) abrasive action due to pebbles and boulders in motion by wave action, (3) wedge action due to the air compressed in fissures by waves. Erosion occurs when the assailing forces from waves are higher than the resisting force of the rocks. Even if the resisting force of the rocks is controlled by their mechanical properties and their structure (such as joints and stratification), the deterioration of the resisting force is brought about by weathering and fatigue due to the repeated stresses generated by wave action (Sunamura 1977) .
Along the coastline, three main cases of wave impact may occur : (a) wave breaking on the shore platform, (b) wave reflection at the cliff face without breaking, (c) wave breaking impact directly on the cliff face. (b) when waves are reflected at the cliff face without breaking, the maximum variation of the wave pressure on the cliff is very low, in the order of 2gH where H is the wave height. For example, for a wave of H = 5m the variation of pressure is of the order of 1.1 MPa and, in most cases, it never exceeds the compressive strength of wet chalk rock (1 to 20 Mpa, for chalks dated from Turonian to Senonian) (pers. comm. CETE 1980) . The highest impact pressures was recorded by Rouville(1938) on a prototype sea wall at Dieppe in France, with a magnitude of 610 kPa (Wolters and Müller, this issue) , that is always lower than the compressive strength of wet chalk rock.
The occurrence of storm surges increases the absolute pressure, because the increasing of the still water level, but has a limited effect on the variation of the pressure. Nevertheless, the repeated cycles of wave pressure may generate processes of fatigue within the cracks of the rock. In the case of large cracks, Peregrine & Kalliadasis (1996) have demonstrated that the filling flow may induce an especially large pressure in cracks, leading to a large tensile stress in the rock itself and higher susceptibility to fatigue processes. Such processes may occur on a chalk cliff coastline, within caves of several meters in height and 1 -2 m in depth, which may develop at the base of the cliff along largescale fracture structures ( fig. 3b ).
(c) the last type of wave-impact occurs when waves are breaking directly on the cliff face. It is the socalled "perfect breaking" (Kirkgöz 1991 (Kirkgöz , 1995 . Perfect breaking appears when the breaker has a perfect vertical face and strikes a vertical wall. In only this case is the greatest wave impact pressure produced. The pressure is greater by one or two orders of magnitude than the wave pressure without perfect breaking (i.e. 1 to 20 Mpa) on the cliff face and the pressure values may reach the compressive strength of the weakest wet chalk rock. The pressure profile on the wall shows a large peak but with a very short duration of a few milliseconds.
From experimental studies in a wave flume, the highest impact pressures occur with a foreshore slope of 1/10 in front of the cliff (Kirkgöz 1982) . The maximum impact pressure probability in a flume follows a log-normal distribution. The maximum pressures are reached for a wall with a slope angle varying between 10° and 30° and occur most frequently just below the still water level. For any given wave conditions there is a critical value of the water depth at the wall, d wm , for which perfect breaking occurs (Kirkgöz 1991) . To analyse the effect of wave breaking on a cliff it is necessary to know the water depth at the foot of the cliff. The empirical relation :
the wave height and L 0 the wavelength in the offshore zone gives the height of the waves which could just break on the front of the cliff (Kirkgöz 1995) . As noted by Kirkgöz (1995) , perfect breaking obtained during laboratory experiments shows variations in the magnitude of impact on which the unevenness of waves in the natural environment must be added. Consequently a wave height band can be defined for which perfect breaking can occur, in a probabilistic sense, and this band is determined by the water depth at the foot of the cliff.
The Channel coastlines are subjected to macro tidal effects, with variations of 0.1 to 10 m in water height. Observations in the field have shown that sea water level at high tide does not always reach the base of the cliffs. For these reasons, the frequency of violent wave impacts with perfect breaking seems to be low along the cliffs of the Channel, even if this frequency may increase during periods of both storms and spring tides.
Where cracks occur at the base of the cliff, they can be filled by sea water during the high tide. The propagation into cracks of impact pressures due to wave breaking may occur when cracks are filled by water. From experimental modelling on water filled cracks, Müller (1997 Müller ( , 1998 , demonstrated that the magnitude of the pressure peak decreases during the propagation into the crack and that the propagation velocity is finite. In fact, the celerity is very dependant on the dissolved air. Additional experimental work on cracks has shown that partially submerged cracks show a faster propagation of wave impact pressure (300 m/s) than fully submerged cracks (50-100 m/s) and without significant attenuation (Wolters & Müller, this issue) .
The short duration of the peak pressure and the finite celerity induces a phase difference between the peak pressure at the crack entrance and the end of the crack and this may lead to dislodgement of a piece of rock at the front of the cliff (Müller 1997) The base of the chalk cliffs of the Channel shows numerous types of vertical fracture pattern, with various apertures and persistence, such as open master joints with a persistence all over the cliff height and open isolated joints with a persistence of several meters from the base of the cliff. Normal and strike-slip faults may also extend over the full cliff height, but they are often filled by clays and are consequently closed, except in the case where a cave develops at the base of the fault ( fig. 3b ) . Open fissures may also develop horizontally along hardground levels or marl seams within the chalk cliff ( fig. 3c) .
The presence or the absence of shingle on the beach platform has an effect on the dissipation of waves and therefore on cliff erosion. The dissipation of energy is related to the roughness of the shingle beach and to the momentum transfer from flow to the cobbles. However, another effect of shingle is to decrease the water depth at the base of the cliff and as suggested by Kirkgöz (1995) and Stephenson & Kirk (2000, part I) , the water depth above the platform is the main parameter controlling erosion.
To investigate this assumption and to further understand the role of marine factors on chalk cliff erosion, experiments were carried out in a wave flume. To take into account the large diversity of morphological conditions observed along the Channel, three simple configurations of the boundary conditions between the cliff and the sea have been tested. They have been selected from the natural configurations of the chalk cliffs observed on each side of the Channel. Their behaviour was compared through measurements of the pressure on a wall modelling the cliff, the wave reflection characteristics and the dissipation of wave energy.
In such experimental work it is necessary to measure, with high accuracy, the wave characteristics ; these are the period T or the angular frequency 
Method of wave measurement in the flume
The method of wave measurements (Brossard et al. 2000) allows an accurate measurement of all regular modes propagating in the wave flume. Each mode has its own celerity. If the level of the free surface is recorded by a moving probe ( fig. 4 ) with a fixed speed V, the signal is shifted by the Doppler effect (Brossard et al. 2000) . In the spectrum of the signal, for any mode, the frequency is different from that obtained with a fixed probe. The Doppler shift has a negative value if the probe is moving towards the direction of propagation of the mode and has a positive value if the probe is moving against the direction of propagation. Nevertheless the Doppler shift method is applicable to conditions where the wave celerity maintains a constant value, consequently the measurements must be carried out upstream or offshore of the sand accumulation where the water depth is constant.
This method enables measurement of the amplitudes of the fundamental incident and reflected modes and subsequently the reflection coefficient. Concerning the higher harmonics; there are two kinds of harmonics travelling in a wave flume. Non linear modelling of the free surface provides a description of this by the sum of sinusoidal components (Stokes model components) so-called "phase locked modes" because these modes have the same celerity as the fundamental mode. Furthermore, even if the wave generator produces a regular wave (only one angular frequency corresponding to the fundamental mode), the non linear interaction between the gravity waves and a beach, a breakwater or a wall, produces higher harmonics (free modes) by transference of energy from the fundamental mode to higher harmonics. However, for the free modes the harmonic celerity is not dependant on the fundamental mode celerity ; their angular frequencies are a multiple of the fundamental one but their wave numbers are not multiples of the fundamental mode. The wave numbers of the free harmonics follow the dispersion relationship of the fundamental mode. Consequently the Doppler shift is different to that of the phase locked modes although they have the same angular frequencies. The frequency peaks are separated in the spectrum and the discrimination of the phase locked modes and the free modes allows the generation of harmonics to be quantified and non linear interactions between the waves and sediment accumulation to be analysed.
Experimental set up
The cliff was modelled by a vertical, impermeable wall and the beach platform by an impermeable surface with various gradients. Three configurations were modelled :
(1) a flat smooth foreshore area, without shingle or fresh deposits of debris, (2) a sloping smooth foreshore area with 1/20 slope, without shingle cover and (3) a sloping (1/20) foreshore area with shingle cover (fig. 5 ).
Each configuration was subjected to various levels of water, which represented the tidal effect.
The experiments were carried out in a regular wave flume 0.3 m wide. The wave generator was an oscillating paddle driven by an electrical motor. The generated waves were regular with a 2 nd free harmonic amplitude less than 4% of the fundamental amplitude. At the downstream end, the vertical wall was located at 7.3 m from the paddle (fig. 5 ). Pressure measurement at the vertical wall.
The intention was to estimate the stresses induced by non-breaking waves on the cliff face.
The pressure profile at the front of the vertical wall was measured, using six pressure transducers. The measuring range of these sensors was [0 -10 4 Pa] with an active sensor area of 12 mm diameter.
The variation of the pressure at the front of the vertical wall in the flume was small in comparison to the pressure range of the sensors used, but to achieve a significant increase in sensitivity would have required a sensor too large in relation to the spatial resolution required. The experimental conditions
were not that of perfect breaking ones, consequently there were not transitory effects like rapid peak pressures. The frequency of the signal was the wave frequency (1.27 Hz) and this value was very low in relation to the ability of the sensors. To improve the accuracy of the measurements all transducers were calibrated frequently using a parabolic calibration relationship. Such measurements enabled the response of the cliff to be followed to stresses induced by the repeated pressure variation during tidal cycles.
The pressure measurements have been carried out at two water depths (h = 0.150 m and h = 0.120 m) which correspond to high tide and low tide. At each of these two water depths the three cases of shore platform morphology have been examined. In the next sections the results obtained are compared with the Sainflou model (Sainflou 1928 ) that predicts the pressure field on a vertical wall. Table 1 gives the amplitude of the incident waves for each experiment.
Two sets of values have been extracted from the pressure measurements : the maximum value of the pressure and the amplitude of the pressure oscillations due to the periodic waves.
Information about the maximum pressure is useful for studying the behaviour of the cliff by a comparison with the resisting force of the chalk rock. The amplitude of the pressure oscillations is an important parameter to enable analysis of the fatigue stress phenomenon at the front of the cliff or directly on the shore platform.
Maximum pressure
In figures 6 and 7 plots of the relative (in relation to the hydrostatic pressure) maximum Comparisons between the three cases do not indicate large amplitude variations in pressure on the vertical wall. A gently sloping shore platform favours higher pressure variations on the cliff face than a flat shore platform because of a shoaling effect, whilst sediment accumulation on a gently sloping shore platform seems to decrease the pressure variations on the cliff face. For this last case, the dissipation effects due to the bottom shear stress and the breaking of waves are more important than the shoaling effect.
Morphology of the beach profile (case 3).
Waves were generated in the flume for the equivalent of half a tide (about 6 hours in situ) to analyse the behaviour of the shingle beach. The evolution of the sand modelling the shingle was recorded by means of a video camera.
At a tidal time scale, the mean section of sediment accumulation is stable, with a slope of about 1/20, which is significantly below the accepted equilibrium value of 1/10 (Dean 1977), under such conditions. As experiments were performed in a wave flume and not in a basin, only the cross-shore sediment transport was observed. At smaller scale, the sediment accumulation shows several morphological characteristics, such as bars, ripples and scouring.
At higher water depths, during high tide, when the water reaches the vertical wall, the reflected waves interfere with the incident waves and lead to the formation of a set of nodes and anti-nodes within the water oscillations at sea bed level. This induces sediment transport and the formation of transverse bars whose wavelength is about half that of the free surface propagating waves. These bars have a beneficial effect on cliff erosion by increasing wave reflection and, consequently, by decreasing wave energy arriving at the cliff front.
The second effect is the development of superficial ripples with a wavelength of about 30 mm. This wavelength is related to water depth and is a classical phenomenon with bed sediments and an oscillating flow (Fredsoe & Deigaard 1992) . But in situ this phenomenon has not been observed with shingle. Such differences may be due to the model sediment density and size, which are not ideally suitable for simulating shingle transport at this scale.
At high tide the wave impact on the vertical wall produces a very high vertical velocity, inducing scour of the sediment at the toe of the vertical wall. At mid-level of the ebb tide during the following tidal cycle, the scour hole is re-filled as the wave-breaking zone migrates seaward across the sediment, thus inducing significant sediment transport ( fig. 10 a-b) . At the end of the ebb tide, a bank or berm is formed at the top of the sediment.
The experimental investigation show that shingle berms located at the cliff toe are temporarily removed seaward at high tide. This fact may be increased under storm conditions so exposing the toe of the cliff/wall to subsequent wave impact.
Wave energy and sediment accumulation

Reflection of waves
Measurement of incident and reflected waves allow us to quantify the dissipation of the wave energy through the sediment accumulation of the foreshore area. The reflection coefficient is defined as the ratio of the amplitude of the reflected fundamental wave to the amplitude of the incident fundamental wave. But, the energy of the various waves is related to the square of the respective amplitudes. The experimental results concerning the change in reflection coefficient with water depth in the offshore zone are reported in figure 11 for all three cases of shore platform morphology. For the range [0.07 m -0.1 m] in case 2, the decrease in reflection coefficient is linked both to the dissipation process and to an energy transfer from fundamental mode to higher harmonic ( fig. 12 ), where the second free harmonic rate (ratio of the amplitude of the second free harmonic mode to the amplitude of the fundamental mode) increases with a fall in water depth. This last effect is related to the non linear behaviour of the wave propagation in the shoaling zone due to the low water depth.
Nevertheless, the reflection coefficient is always lower than that for the case 1, with a reduction of about 0.1 unit.
Case 3 : For the sediment shore platform case, the variation in reflection coefficient exhibits two quite different behaviours. For water depths greater than 0.12 m within the offshore area, i.e. during the tidal cycle from low tide to high tide (flood tide), the reflection coefficient is similar to that for the case 2, with a reduction of about 0.1 unit due to energy dissipation by viscous drag and a transfer of energy from fundamental mode to the higher harmonics ( fig. 12 ). For water depths lower than 0.11 m, the reflection coefficient is very low (between 0 and 0.1). Because the water level does not reach the wall the wave impact conditions are very different. As shown in figure 12 the energy transfer to higher harmonics is very low ; in this case, all the energy is dissipated by the beach sediment.
Effectively we can consider the relative water depth above the sediment, which is the water depth at the top of the sediment located at the toe of the wall and expressed by h r in fig. 5 . The variation in reflection coefficient with water level above the shingle has been compared for all three cases ( fig.13 ).
For each case, this change is continuous. Thus, if the foreshore zone is completely covered by sea water, the presence of a slope and shingle cover reduces the water depth above the beach and wave attack conditions become similar to an horizontal smooth slope (case 1) with a lower water depth. If the sea level does not reach the top of the foreshore the main phenomenon is a dissipation process and the effect of the waves on the cliff is very small.
Dissipation of waves
The wave energy dissipation in the foreshore zone can be represented by the coefficient D = 1 -E r /E i where E r is the incident energy flux and E r the reflected energy flux. For this calculation both the fundamental mode and the second harmonics (free and phase locked modes) are taken into account. Wave energy dissipation versus relative water depth above the foreshore zone are plotted in figure 14 for all three cases. Dissipation is therefore mainly a function of the relative water depth h r .
For case 3, the dissipation effect of the sediment cannot be distinguished from that of a simple non porous sloped beach. Nevertheless, in these laboratory conditions, the ratio between the permeability of the sediment and the viscosity of the fluid was lower than in prototype conditions.
The dissipation rate gives an indication of wave impact on the cliff toe and shows that the type of material covering the foreshore area is not the main parameter for wave dissipation. The water depth above the foreshore area seems to be the predominant parameter for wave dissipation. The other mode of marine attack is wetting and drying processes and salt weathering, which may favour the superficial disintegration of the chalk rock at the toe of the cliff. Such processes only lead to a slight basal notching of the cliff.
Finally, marine action is also responsible for removal of cliff fall material by abrasion and chalk dissolution. Littoral drift characteristics would be informative to know cliff fall material and shingles displacements on the foreshore area.
Conclusion
One of the frequently asked questions regarding Channel coastline erosion is : What is the role of shingle in the cliff recession? The common idea is that shingle dissipates the wave energy and that this dissipation of energy is the main factor which protects the chalk cliff from erosion. The implied reasons are the roughness of the shingle beaches, the dissipation by infiltration into the porous medium and the momentum transfer from the water to the cobbles. The experiments conducted in the wave flume show that the dissipation of wave energy by beach sediments and particularly through shingle accumulation is too poor to protect a cliff when the foreshore area is completely covered by the sea. The main effect of shingle accumulation is to decrease the water depth at the base of the cliff.
From the literature and the experiments conducted in the wave flume it can be deduced that the lower the water depth, the less the wave impact energy. But, in fact, if the water level covers the shingle, the wave attack at the base of the cliff presents the same conditions as that of a shore platform devoid of sediment.
The experiments show that, for non breaking waves on the front of cliff, the simple Sainflou model is appropriate for predicting the pressure field at the front of cliff.
Along the Channel coastline, the water depth at the cliff toe is low in most of the cases and the intensity of compression stress due to the impacts of waves on the front of the cliff is too low and is not sufficient to trigger a large rock fall.
Among the marine factors of erosion, the abrasion phenomenon of the base of cliff can be retained to explain any slight rock falls, restrained to the lower part of the cliff. In this case, the collapse is limited upward by horizontal hardgrounds levels, marl seams or flint bands. This phenomenon is favoured by a slight sloping shore platform by comparison to a horizontal bare shore platform.
The literature on the pressure propagation into cracks and the observations of open fracture networks in situ suggest that the fatigue phenomenon due to pressure oscillations could be a sensitive parameter of erosion. Further work would be very useful to obtain more exhaustive the knowledge on cliff erosion. Tables   Table 1 Amplitudes 
